Fossil glycoproteins of the soluble organic matrix are present in an 80-million-year-old mollusk shell from the Late Cretaceous Period. Discrete molecular weight components, as determined by gel electrophoresis, are preserved. The fossil organic matrix was compared with the organic matrix of a living representative species of the same superfamily. A particular repeating amino acid sequence, found in contemporary mollusk shell proteins, was identified in the fossil glycoproteins. The (7, 8) and even fossil organic material with preserved antigenic determinants have been reported (9). This report describes the presence of shell glycoproteins of discrete molecular weight in fossil S. thoracica that share a particular repeating amino acid sequence with their contemporary counterparts. In addition, the ultrastructure, chemistry, and mineralogy of the shell inorganic components provide information on the conditions under which the shell has been preserved.
molecular evolution is discussed. This paper reports on the chemical characterization of fossil proteins from the shell organic matrix of the mollusk, Scabrotrigonia thoracica, which lived during the Late Cretaceous Period, about 80 million years ago. We were particularly interested in the state of preservation of these fossil proteins in order to assess their potential value in the study of protein and shell evolution. Abelson (1) first reported the presence of amino acids in fossil bones and shells as old as about 350 million years. The presence of amino acids in fossils has been reported subsequently by numerous investigators (2-) . Peptide bonds (7, 8) and even fossil organic material with preserved antigenic determinants have been reported (9) . This report describes the presence of shell glycoproteins of discrete molecular weight in fossil S. thoracica that share a particular repeating amino acid sequence with their contemporary counterparts. In addition, the ultrastructure, chemistry, and mineralogy of the shell inorganic components provide information on the conditions under which the shell has been preserved.
MATERIALS AND METHODS
Choice of a Suitable Fossil Shell. Mollusk shells of the Late Cretaceous (Lower Maestrichtian) deposits at the Coon Creek type locality in southwestern Tennessee are well-known for their exceptional physical preservation (10, 11) . Geochemical studies of the shell carbonate from a variety of species have shown that the original shell mineralogy is preserved and that strontium, magnesium, and 6180 contents of the shells have escaped detectable diagenetic alterations (12) (13) (14) . We have chosen to study shells from Coon Creek of the bivalve, Scabrotrigonia thoracica. The fact that these shells still retain their original pearly luster in the nacreous layer provides additional evidence for their exceptional state of preservation. Shells of an extant representative of the superfamily Trigoniacea, Neotrigonia margaritacea, from South Australia were chosen for comparison. The Late Cretaceous trigoniacean shells were recovered from the Coon Creek deposits about 2 m below the oxidized outcrop surface. The shells'of the extant species were obtained from specimens collected alive. After removal of the soft parts, the shells were dried at room temperature.
Shell Analyses. Characterization of the Organic Matrix. The preservation of original amino acid sequence was determined by cleaving the protein on both sides of aspartic acid residues using mild acid hydrolysis and then analyzing the resultant products for free glycine and serine. A repeating (-Asp-Y-)n sequence, where Y is glycine or serine, is present in the soluble organic matrix proteins of a number of extant mollusks (16) . Cleavage on both sides of aspartic acid was obtained by hydrolyzing aliquots of the different molecular weight fractions in 1.0 ml of 0.25 M acetic acid under reduced pressure at 1080 for 48 hr (16) . Additional aliquots were totally hydrolyzed in 0.5 ml of redistilled 6 M HCI under reduced pressure at 1080 for 20 hr. Portions of the fraction of S. thoracica excluded from Sephadex G-100 and of the fraction of N. margaritacea excluded from Sephadex G-25 were electrophoresed on 7.5% acrylamide-sodium dodecyl sulfate gels (17) . The fractions of the living and fossil trigoniaceans included in Sephadex G-25 were electrophoresed on 10% (wt/wt) urea-acrylamide-sodium dodecyl sulfate gels (18) . Fig. 1 shows the gel filtration patterns on Sephadex G-25 and G-100 of the soluble organic matrices of S. thoracica and N.
margaritacea. The organic matrix of S. thoracica, after decalcification, is almost totally soluble, whereas the organic matrix of N. margaritacea is predominantly insoluble. Both trigoniacean organic matrices have high-molecular-weight fractions excluded on Sephadex G-100. S. thoracica has an additional low-molecular-weight component (Fig. 1c) . The included fractions of S. thoracica and N. margaritacea on Sephadex G-25 are bimodal ( Fig. la and b) . The peak around fraction 30 is composed predominantly of undialyzed salt, whereas the second peak (around fraction 34) contains proteinaceous material. A proteinaceous fraction included in Sephadex G-25 is also present in living Mercenaria mercenaria organic matrix, which when electrophoresed on urea-sodium dodecyl sulfate-polyacrylamide gels, has discrete high-molecular-weight components. This observation shows that its chromatographic behavior on Sephadex G-25 is anomalous (unpublished data). Amino acid compositions of organic matrix fractions The uncorrected amino acid compositions of the fractions obtained from Sephadex G-25 and G-100 are shown in Table 1 . The amino acid compositions of the different molecular weight fractions of S. thoracica are all basically similar. The amino acid compositions of the molecular weight fractions of N. margaritacea (Table 1) show distinct differences, indicating that these fractions are composed of different protein components. The amino acid compositions of the fossil and living trigoniacean organic matrices do not show any obvious similarities ( Table   1 ).
The alloisoleucine/isoleucine ratios of all the molecular weight fractions of S. thoracica are very low (Table 1) t. In general, equilibration between these two epimers occurs after * The extent of racemization of eight amino acids (Ala, Val, Leu, Pro, Asp, Phe, Glu, and Lys) of the fractions from one particular S. thoracica specimen included in and excluded from Sephadex G-25 was analyzed using a gas chromatographic technique (21) . The analysis showed that little or no racemization has occurred (G. E. Pollock, personal communication). The alloisoleucine/isoleucine ratios of these fractions are also very low. The alloisoleucine/isoleucine ratios of the fractions from the remaining S. thoracica shells excluded from Sephadex G-25 ranges from less than 0.1 to 1.4, the equilibrium value (3). Cleavage of organic matrix proteins on both sides of Accordingly, discrete polypeptides of well-defined length are aspartic acid residues present in the fossil shell matrix. Partial acid hydrolysis of the fractions of the organic matrices DISCUSSION of S. thoracica and N. margaritacea excluded from Sephadex G-100 releases significant and very similar yields of aspartic The S. thoracica Shell Appears Well Preserved by Physical acid, glycine, and serine ( Table 2 ). The proportions of Asp:
and Chemical Criteria. The preservation of the original miGly:Ser released in the soluble fractions of the fossil and living croarchitecture and original mineralogy suggest that the Late trigoniaceans are also very similar. The release of small quanCretaceous shell is exceptionally well preserved. The compar- Proc. Natl. Acad. The Late Cretaceous trigoniacean shell studied here has its original or nearly original oxygen isotopic composition. Indeed, the samples having the most positive 6180 values were shown to be isotopically free of diagenetic alterations or only altered to a very minor extent. The positive value of the carbon isotopic composition of the shell is also in agreement with this interpretation.
The oxygen isotopic composition of the fossil shell is 1.2% more positive than the average of the published values for three conspecific samples from the same collecting site (12) . The previously analyzed shells were collected at or very near the surface of the Coon Creek exposure. Differences of the same magnitude have been found in the isotopic composition of other fossil suites between samples taken from exposed surfaces and from extensively sediment-shielded collecting sites (22) . These data indicate that the fossil shell exposure to meteoric ground water was negligible throughout its postdepositional history. The magnesium content of the fossil shell is higher than that of the contemporary shell. This is probably due to environmental temperature or species differences. § Since information on the factors affecting the uptake levels of strontium in extant bivalves is as yet incomplete, it is not possible to evaluate the significance of the strontium contents of the fossil shell.
Magnesium contents of recent marine skeletal aragonites can differ between mollusk species. Within a species, however, a positive correlation with environmental temperature always exists (23, 24) . The extant trigoniacean shells are from temperate water and the fossil shells are from subtropical water, as determined by the oxygen isotopic composition of the shell carbonate from Coon Creek fauna (12) .-Thus the observed differences in magnesium contents between recent and fossil shells appears to be primarily related to environmental temperature differences, possibly to species differences, but not diagenesis.
We conclude, therefore, that the mineralogy, microarchitecture, and magnesium, 6180, and 5'3C contents of the fossil Trigoniacea shell are still preserved.
Discrete Glycoproteins with Preserved Regions of Amino Acid Sequence Are Present in the Fossil Shell. The presence of discrete fossil components of high molecular weight (greater than about 10,000) on polyacrylamide gels indicates that glycopeptides have been preserved in the fossil organic matrix (Fig.  2) . Random hydrolytic or proteolytic cleavage would be expected to convert protein components to a series of polypeptides of many different sizes. Accordingly, these discrete protein bands probably represent the best preserved fraction of the fossil organic matrix.
In an earlier study on contemporary shell proteins, the use of a chemical technique to cleave aspartic acid from polypeptides demonstrated that a significant fraction of the shell glycoprotein was composed of a repeating sequence (-Asp-Y-)n where Y was glycine or serine (16) . When this same technique was used on fossil glycoproteins, it appeared that the (-Asp-Y-), sequence is still present (Table 2) . Indeed, the proportions of glycine and serine released from the glycoproteins of S. thoracica and N. margaritacea are very similar.1 This similarity implies that contemporary and fossil glycoproteins have similar regions of the repeating (-Asp-Y-)n sequence.
There are distinct differences in the fossil and contemporary glycoproteins that might be ascribed either to evolutionary or diagenetic changes. (i) Distinct amino acid compositional differences are noted (Table 1) . In this regard, it should be noted that there is significant reduction of nondialyzable material in the fossil shell as compared to the living trigoniacean. This could result in a selected, but not representative, fraction of organic matrix being preserved. Of course, the preferential destruction of more labile peptides and amino acids, or the conversion of one amino acid to another (25) , could also account for the observed differences. However, characterization at the amino acid composition level cannot, in this case, distinguish diagenetic from evolutionary changes. (ii) The fact that corresponding molecular weight bands are not found in the fossil and contemporary shell proteins suggests either that changes in the molecular weights of the components have occurred during evolution or that a nonrandom diagenetic change has converted larger glycoproteins into those seen on the acrylamide gels (iii) Finally, the minimum proportion of the (-Asp-Y-)n sequence in the fossil glycoproteins is about half that of the contemporary glycoproteins (Table 2) . Again, this difference could be an evolutionary or diagenetic change.
Fossil Shell Proteins May Contribute to Our Understanding of Molecular Evolution. The finding of fossil proteins with at least partially preserved amino acid sequence and discrete molecular weight components offers the opportunity to study fossil glycoproteins and to compare them with their contemporary counterparts. Thus it may be possible to compare proteins at various stages of evolution. The shell proteins are of particular interest because they may play a determinant role in shell morphology. Accordingly, it may be possible to compare the evolution of shell morphology with the evolution of shell proteins.
There are obvious difficulties with these proposed studies. First, one must determine the diagenetic changes that may occur with time in fossil proteins. In part this limitation can be circumvented by selecting unusually well-preserved material, I The proportions of glycine:serine released from other soluble organic matrix proteins of mollusk shells vary greatly from one species to another (unpublished data).
such as the Coon Creek fauna. Second, more should be known about the protein chemistry of contemporary shells. This additional information will be necessary in order to make homologous comparisons of contemporary and fossil proteins. Third, techniques will need to be devised for the isolation of discrete molecular weight components in quantities sufficient for more detailed chemical analysis. In spite of these limitations, the identification of unusually well preserved 80-millionyear-old fossil proteins shows that the possibility exists for using this and other such well-preserved fossil proteins for studies in molecular evolution.
